The N-methyl-D-aspartate (NMDA) receptor antagonist ketamine has rapid and potent antidepressant effects in treatment-resistant major depressive disorder and bipolar depression. These effects are in direct contrast to the more modest effects seen after weeks of treatment with classic monoaminergic antidepressants. Numerous open-label and case studies similarly validate ketamine's antidepressant properties. These clinical findings have been reverse-translated into preclinical models in an effort to elucidate ketamine's antidepressant mechanism of action, and three important targets have been identified: mammalian target of rapamycin (mTOR), eukaryotic elongation factor 2 (eEF2), and glycogen synthase kinase-3 (GSK-3). Current clinical and preclinical research is focused on (a) prolonging/maintaining ketamine's antidepressant effects, (b) developing more selective NMDA receptor antagonists free of ketamine's adverse effects, and (c) identifying predictor, mediator/moderator, and treatment response biomarkers of ketamine's antidepressant effects.
INTRODUCTION
The treatment of major depressive disorder (MDD) and bipolar depression (BDep) has historically focused on monoamine modulation, largely owing to the initially unexpected discovery that tricyclic antidepressants and monoamine oxidase inhibitors preferentially inhibited the reuptake and breakdown, respectively, of dopamine, norepinephrine, and serotonin. Indeed, monoamine research in depression dominated most of the twentieth century owing to the wide popularity of second-generation antidepressants, e.g., the selective serotonin reuptake inhibitors, serotonin norepinephrine reuptake inhibitors, and atypical antidepressants that more selectively modulate monoamine reuptake and receptor activation/inhibition. Although not more effective than earlier antidepressants, these medications had much better adverse-effect and toxicological profiles with rare lethality in overdose. However, several large real-world effectiveness trials conducted over the past 20 years-including the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) (1) and Combining Medications to Enhance Depression Outcomes (CO-MED) (2) trialsfound that first-line antidepressants and combinations thereof are unfortunately ineffective for many patients (3) . In addition, all currently approved monoaminergic antidepressants require weeks to months of daily administration to obtain maximum efficacy, placing a considerable personal, psychosocial, and professional burden on affected individuals and the health-care system (4) . Typical interventions that alleviate symptoms of MDD and BDep differ greatly from interventions for other medical conditions in that the latter are often more rapid and robust (e.g., loop diuretics in congestive heart failure and aerosolized sympathomimetics/anticholinergics in asthma).
Due to the widespread treatment resistance to standard antidepressants and mood stabilizers in individuals with mood disorders, as well as the slow onset of action of these agents, there is a critical need for rapid-acting antidepressants with alternative mechanisms of action (5) . Initial research and development in this area focused on neuropeptide-based strategies (6) such as corticotropin-releasing hormone receptor antagonists and neurokinin 1 receptor antagonists. Although these agents were effective in preclinical models of despair, they unfortunately lacked clinical efficacy. Interestingly, both monoamines and neuropeptides modulate neurotransmission, unlike the primary central nervous system (CNS) neurotransmitters glutamate and γ-aminobutyric acid (GABA). Glutamate N-methyl-Daspartate (NMDA) receptor antagonists were initially studied for the prevention of glutamate-based (excitotoxic) cell death in chronic neurodegenerative disorders and stroke. Although NMDA receptor antagonists were not successful in treating these disorders, continued preclinical research found that the NMDA receptor antagonists AP-7 and MK-801 had antidepressant-like effects (7) . These antagonists were not available for testing in humans; however, the anesthetic ketamine, which had been safely used for decades (8) , was a reasonable alternative for translational studies. In slightly more than a decade, the emergence of ketamine's rapid antidepressant effects has been viewed by some experts in the field as arguably the most important psychiatric discovery in half a century (9) . This article discusses the pharmacokinetics and pharmacodynamics of ketamine and reviews the evidence in support of ketamine's rapid antidepressant effects drawn from randomized, placebo-controlled studies; open-label trials; and case series/reports. We also explore biomarkers of ketamine's antidepressant properties and recent data regarding ketamine's mechanism of action in preclinical models of depression. We conclude by reviewing the emerging literature describing other NMDA receptor antagonists in depressive disorders (10) and specify future directions based on the outstanding needs and questions in the field.
THE PHARMACOLOGY OF KETAMINE
Ketamine is a voltage-dependent NMDA receptor antagonist that inhibits the flux of cations (calcium, sodium) in the presence of the coagonists glutamate and glycine. The S(+) and R(−) enantiomers have differential affinity for the NMDA receptor, with the S(+) enantiomer having greater biological potency as evidenced by decreased mean plasma concentration at the termination of successful anesthesia (11) . Ketamine also affects other neurotransmitters including norepinephrine, acetylcholine, and serotonin. For instance, ketamine metabolites (norketamine enantiomers) were recently found to inhibit whole-cell patch-clamp currents by antagonizing α7 nicotinic acetylcholine receptors (12) . These offtarget sites mediate ketamine's acute but transient cardiovascular, respiratory, and sympathomimetic effects (13) .
Ketamine also inhibits voltage-gated sodium and calcium channels as well as the production of nitric oxide by stimulating the L-arginine/nitric oxide/cyclic guanosine monophosphate pathway; this stimulation is accomplished by neuronal nitric oxide synthase to produce analgesic and anesthetic effects (14) . For the past several decades, ketamine has been used as an FDA-approved dissociative anesthetic. It is typically used as surgical premedication owing to its potent anesthetic properties, relatively minor effects on vital signs, and low risk of respiratory depression. Because of this safety profile, ketamine has also been used as a research tool to transiently induce or exacerbate multidimensional schizophrenia-like symptoms (8, 15, 16) .
Ketamine can be administered intravenously, intramuscularly, intranasally, sublingually, rectally, orally, and topically. With oral administration, ketamine undergoes extensive firstpass metabolism in the liver by CYP3A4 (major), CYP2C9 (minor), and CYP2B6 (minor) to norketamine (via N-demethylation). It is believed to have lower biological potency than unmetabolized ketamine but threefold higher plasma levels. The oral preparation has relatively poor gastrointestinal absorption (20% bioavailability), but nonparenteral preparations have much higher bioavailability: intranasal, 25-50%; intramuscular, 93%; and intravenous, ~99-100%. Maximal plasma concentrations take less than 1 min to peak with intravenous ketamine and take only slightly longer with other preparations (roughly 5-15 min for intramuscular preparations and 30-60 min for oral preparations). Ketamine's plasma half-life is 1 to 3 h (17), and norketamine's plasma half-life is 12 h. Although ketamine is still detectable in serum, its anesthetic and psychotomimetic effects often wear off within 30 min to 1 h after administration.
KETAMINE IN CLINICAL DEPRESSION

Rapid and Robust Antidepressant Efficacy
Berman and colleagues (18) were the first to report that a single subanesthetic (0.5 mg/kg) dose of ketamine rapidly reduced standardized depression scores in patients with MDD. Although small (n = 7 completers), this initial study revealed a moderate-to-large effect size and paved the way for future studies. The finding was replicated in several large samples with single (19) (20) (21) and repeated (22, 23) ketamine administration. Ketamine also has rapid antidepressant effects in MDD patients resistant to electroconvulsive therapy (ECT) (24) and rapidly resolves suicidal ideation (25) , including in acutely suicidal patients in the emergency department (26) . Ketamine has also been shown to reduce both explicit and implicit measures of suicidal cognition (27) . Table 1 summarizes the three randomized, placebo (saline)-controlled trials of ketamine in treatment-resistant MDD and the two randomized, placebo (saline)-controlled trials in refractory BDep. In patients with MDD, ketamine maintained a moderate-to-large effect with response rates of ~70% and remission rates of ~30% at 24 h postinfusion; effects were sustained for up to one week. In patients with treatment-resistant BDep, ketamine was an effective add-on therapy to lithium or divalproex (28, 29) . The antidepressant effect size in patients with BDep remained large one day after infusion in both published studies. This result is particularly important because our BDep studies were the first to demonstrate therapeutic success associated with direct engagement of a specific CNS target (specifically, the NMDA receptor complex). Indeed, all prior treatment trials in BDep with demonstrable efficacy were based on repurposed antiepileptic or antipsychotic medications that had elusive CNS targets for mood stabilization.
Nonintravenous ketamine preparations such as oral (30, 31) and intramuscular (32, 33) have also shown antidepressant efficacy, and intranasal ketamine is of interest owing to its high CNS penetrance and ease of administration. Furthermore, several of the clinical trials described above found that ketamine had anxiolytic properties; as a result, its use in other psychiatric disorders is being explored. A small open-label clinical trial at Yale of patients with treatment-resistant obsessive-compulsive disorder (OCD) found that ketamine had antidepressant effects in patients with comorbid depression (34) . Since that initial trial, a placebo-controlled ketamine trial in OCD at Columbia has been completed; it revealed rapid and sustained anti-OCD effects up to one week postinfusion (35) . Also, Mount Sinai has completed an active placebo (midazolam) trial of ketamine in posttraumatic stress disorder; those results await publication (J.W. Murrough & D.S. Charney, unpublished results; ClinicalTrials.gov identifier: NCT00749203).
Maintaining Antidepressant Response
In the randomized, controlled trials cited above, the antidepressant effects of ketamine lasted, on average, one to two weeks. In the only randomized, placebo-controlled extension trial with a single subanesthetic infusion, approximately 27% of ketamine responders maintained efficacy during the 28-day follow-up period (average time to relapse = 13.2 days; standard error of the mean = 2.2) (36) . Given the growing evidence for ketamine's robust-although transient-antidepressant effects, interest in sustaining these effects has naturally increased. The most obvious method of maintaining response involves multiple infusions, which have proven efficacious in several reports (37) (38) (39) . These results have led some groups to propose ketamine maintenance therapy and/or "boosters" upon early detection of clinical deterioration, which have proven efficacious in ECT responders.
Several case series and small clinical studies have also revealed protracted antidepressant effects (including sustained remission) with repeat-dose ketamine (22, 39, 40) . In the largest repeat-infusion trial, 24 patients with treatment-resistant MDD received up to six intravenous infusions of 0.5 mg/kg ketamine over 12 days. At the end of the trial, 70.8% of the patients remained in remission up to 83 days after treatment began; mean time to relapse was 18 days after the last infusion (38) . Dissociative side effects did not worsen, and tolerance did not develop with subsequent infusions (38) . Another repeat-dose ketamine protocol in patients with treatment-resistant MDD used twice-weekly 0.5 mg/kg open-label ketamine infusions for 100 min total for two weeks or until remission was obtained (41) . In that study, 5 of 10 patients achieved remission within two weeks, and 2 patients sustained remission for four weeks. As in the previous repeat-dose study, no protracted adverse effects were observed. The effects of repeat-dose ketamine may last even longer in certain patients. Blier and colleagues (39) described a 44-year-old woman with treatment-resistant MDD who received approximately 40 ketamine infusions; she exhibited sustained antidepressant effects but no long-term cognitive or other adverse sequelae.
Riluzole, an FDA-approved medication for the treatment of amyotrophic lateral sclerosis, has also been used in two ketamine extension studies (21, 36) . Riluzole is a glutamate modulator (42) with preliminary efficacy as monotherapy (43) and adjunctive therapy (44) (45) (46) in patients with treatment-resistant MDD. Both studies found a main antidepressant effect at the end of the four-week protocol, which is substantial in a treatment-resistant population; however, no statistically significant difference between riluzole and placebo was observed (21, 36) . In the first study (21), 14 patients who met response criteria 72 h after subanesthetic ketamine infusion participated in a 32-day, randomized, double-blind, placebo-controlled, flexible-dose (100-200 mg/day) continuation trial. An interim analysis found no significant differences in the main outcome measure, time to depressive relapse (80% of patients relapsed on riluzole versus 50% on placebo); as a result, the trial was stopped for futility. In the second study (36) , 42 subjects with treatment-resistant MDD were randomized four to six hours after ketamine infusion to double-blind treatment with either riluzole (100-200 mg/day; n = 21) or placebo (n = 21) for four weeks; again, no difference between the riluzole and placebo groups was found. Nevertheless, 27% of the ketamine responders randomized to either riluzole or placebo did not relapse at the end of the fourweek protocol. This result is clinically significant in this treatment-refractory population.
ECT has also been proposed as an augmentation and/or maintenance strategy for ketamine's acute antidepressant effects, and an initial case report (47) , a retrospective cohort study (48) , and a single-blind longitudinal study (49) obtained promising initial results. Wang and colleagues (50) randomized depressed subjects to one of three groups for anesthesia (n = 16 in each group): propofol, ketamine (0.8 mg/kg), or ketamine + propofol. All subjects then received a single ECT treatment and were followed for one week. More rapid and lasting antidepressant effects were seen in both the ketamine and ketamine + propofol groups than in the group receiving propofol alone. However, because the seizure energy index and duration were greater in the ketamine groups, and because ketamine decreases seizure threshold (51), the effects may be confounded by seizure strength and duration instead of a specific effect of ketamine. In another intriguing study, Abdallah and colleagues (52) randomized treatment-resistant MDD and BDep patients to either thiopental or thiopental + ketamine (0.5 mg/kg) prior to a six-treatment ECT course. Although ECT was effective, ketamine had no group or group-by-time augmenting antidepressant effect; in addition, thiopental anesthesia and/or ECT impaired ketamine's rapid and robust antidepressant properties (52) . In the most recent studies, a Finnish group indicated that an S-ketamine bolus (0.4 mg/kg) did not improve the speed or magnitude of antidepressant response to ECT in severe or psychotic treatment-resistant MDD (53) , whereas in a sample of treatmentresistant depressed patients in Australia, racemic ketamine slightly improved efficacy in the first two weeks over placebo when combined with thiopentone in ultrabrief pulse-width right unilateral ECT (54) . Given the small size and varied design of these studies, no definitive conclusions may be drawn regarding ketamine and ECT. On the basis of the inverted-U dose response curve observed for ketamine's antidepressant-like effects in preclinical studies (55, 56) , one might not expect antidepressant effects with the higher anesthetic doses used in some of the aforementioned studies. The forthcoming results of ketamine/ECT trials may elucidate these outstanding issues (http:// www.clinicaltrials.gov/ct2/results?term=ketamine+AND+depression+AND +ECT&Search=Search).
Future studies will continue to explore novel, postketamine pharmacological relapse prevention strategies. Indeed, numerous alternative treatment strategies to extend antidepressant efficacy are currently under investigation. These include traditional antidepressants, mood stabilizers [because both ketamine and lithium are glycogen synthase kinase-3 (GSK-3) inhibitors], antipsychotics [because of their efficacy in BDep (57) and as augmenting agents in MDD (58)], and evidence-based psychotherapy.
Limitations and Concerns
Several limitations and clinical caveats require discussion. First, randomized, controlled trials involving intravenous ketamine have used 0.5 mg/kg for 40 min and, given that no dose-finding studies have been reported, whether this is indeed the optimal antidepressant dose is presently unclear. A second issue of concern is the adequacy of investigator and patient blinding with the use of an inert placebo (normal saline). However, a dual-site active placebo (intravenous midazolam) parallel arm study was recently completed (59; see also Reference 10). Although intravenous midazolam does not fully mimic the pharmacological effects of ketamine, the acute sedative/intoxicating effects of both drugs provide better blinding and confirmed previous controlled ketamine studies in which saline was used. Third, the long-term sequelae of repeat-dose ketamine remains unclear. Ketamine is recreationally abused in the United States (60) (61) (62) (63) (64) , in the United Kingdom, and in Asia (65) (66) (67) . Chronic recreational use of NMDA receptor antagonists such as ketamine and phencyclidine is correlated with working memory deficits and other psychopathological effects analogous to those observed in schizophrenia (68) (69) (70) . In addition, chronic NMDA receptor antagonist administration correlates with neurotoxicity and white matter dysfunction in preclinical (71, 72) and human (22, (73) (74) (75) studies. As a result, several authors have expressed concerns about sensitization to repeated intermittent administration of ketamine (76) .Many ketamine abusers, however, use in excess of several hundred milligrams per week, a dose far greater than the 0.5 mg/kg infusion dose used in most depression studies (77) . Also, as a street drug, ketamine may be adulterated with other substances of abuse, making it difficult to infer any causal relationship between ketamine and neuropathological sequelae. Notably, no deleterious long-term neuropsychiatric or medical consequences have been observed in the numerous studies of single or repeated infusions of subanesthetic-dose ketamine in either healthy volunteers or depressed patients. For instance, Perry and colleagues (8) noted that over the course of many research studies at Yale (415 patients who received at least one active ketamine infusion), only 10 adverse effects were noted in nine subjects (2% of subjects and 1.5% of all infusions). Murrough and colleagues (38) similarly observed no serious adverse events with repeated ketamine infusions. Despite this safety profile, ketamine use must be preceded by careful screening of past and present substance use disorders to mitigate the risk of addiction.
Biomarkers of Ketamine's Treatment Response
The identification of baseline predictor and treatment response biomarkers has been a major focus of investigation by our group and others. Although all of the biomarkers described below require validation and qualification before any firm conclusions are drawn, several promising avenues (summarized in Table 2 ) have emerged.
Several major positive findings have involved brain-derived neurotrophic factor (BDNF). This is hardly surprising because the discovery that low peripheral BDNF levels respond to effective antidepressant treatment is one of the best-replicated findings in MDD, which is especially impressive considering the clinical heterogeneity of MDD (78, 79) . In an admittedly small sample, our group did not observe a correlation between peripheral BDNF levels and ketamine's antidepressant response (80) . Subsequent studies found that changes in peripheral BDNF (a major inducer of synaptic plasticity) were directly proportional to change from baseline slow-wave sleep electroencephalography (a surrogate marker of synaptic plasticity) in ketamine responders (81) . Another study (82) identified the BDNF val66met rs6265 single-nucleotide polymorphism as a predictor of ketamine response; in that study, BDNF val/val homozygotes (n = 41) had a better antidepressant response to ketamine than the met haplotype (n = 21). Smaller hippocampal volumes were observed in BDep patients with the met allele (83) , and knockin of the BDNF met allele in rodents led to basal prefrontal cortex (PFC) synaptic deficits and decreased synaptic strengthening in response to subanesthetic ketamine (84) .
Several studies have shown that a key predictor biomarker of ketamine's antidepressant efficacy is a first-degree relative with a history of an alcohol-use disorder. In both MDD (85) and BDep (86) , subjects with a positive family history of alcoholism had a more robust and sustained antidepressant response, which is consistent with the differential effects of ketamine in recently detoxified alcoholics (87) and in healthy volunteers with a positive family history of alcohol dependence (88) . Genetic polymorphisms in glutamate genes may have contributed to this effect. For instance, the BDNF val66met rs6265 A haplotype, which is overrepresented in subjects with comorbid depression and alcoholism, had a better antidepressant response to sertraline (89) .
Noninvasive neuroimaging and neurophysiological techniques have also been used to probe the neural correlates of ketamine's antidepressant response (90) . For instance, treatmentresistant MDD subjects with increased pretreatment rostral anterior cingulate cortex reactivity to fearful faces had an augmented antidepressant response to ketamine (91) . A magnetoencephalography study administered a spatial working memory task at baseline, preketamine, and postketamine and found that performance on this task predicted antidepressant response (92) . Increased baseline slow-wave sleep activity-particularly the delta sleep ratio as defined by the delta wave intensity between the first nonrapid eye movement and second nonrapid eye movement periods (decreased in many patients with MDD; improvement correlates with maintenance of remission) (93)-positively correlated with ketamine's antidepressant effects (94) . Next, increased tactile stimulus-evoked somatosensory cortical response from baseline to post-ketamine infusion was also correlated with increased antidepressant effects (95) . Finally, a positron emission tomography study of 20 patients with treatment-resistant MDD measured regional cerebral glucose metabolism at baseline and following ketamine infusion. Although whole-brain metabolism did not change significantly following ketamine, regional metabolism decreased significantly in the habenula, insula, and ventrolateral and dorsolateral prefrontal cortices of the right hemisphere. Metabolism increased postketamine in bilateral occipital, right sensorimotor, left parahippocampal, and left inferior parietal cortices. Improvement in depression ratings correlated directly with change in metabolism in right superior and middle temporal gyri. Conversely, clinical improvement correlated inversely with metabolic changes in the right parahippocampal gyrus and temporoparietal cortex (96) .
Because ketamine increases glutamate in the rodent PFC, acute and/or chronic changes in glutamate have been hypothesized to contribute to ketamine's antidepressant response. One study of MDD patients found that changes in glutamate, its precursor glutamine, and GABA did not correlate with ketamine's antidepressant efficacy in the occipital cortex (20) . Notably, baseline glutamine + glutamate and GABA levels are increased (97) and decreased (98) , respectively, in the occipital cortex and are corrected with standard antidepressant treatments in MDD (99) (100) (101) (102) . In the MDD PFC, pretreatment glutamate and GABA did not correlate with antidepressant response to ketamine (20, 103) ; however, in one of the studies (103), the baseline Glx [combination of magnetic resonance imaging (MRS)-detectable glutamine + glutamate]/glutamate ratio was lower in patients with greater antidepressant response, and pretreatment glutamate levels were increased in patients whose anxiety symptoms improved with ketamine. In a healthy volunteer study, subanesthetic-dose ketamine caused no acute changes in Glx or glutamate (104); however, that study used a 3-tesla magnet, and many authors believe that reliably measuring glutamate at this magnetic strength by 1 H-MRS is not possible (97) . Although this sample was small, several groups are concurrently investigating ketamine's effect on amino acid neurotransmitters in both healthy volunteers and depressed patients, so additional data are forthcoming.
Finally, we performed a correlational analysis of ketamine metabolite levels in MDD and BDep with nosology, antidepressant response, and acute adverse effects (105) . Interestingly, higher levels of (2S,5S;2R,5R)-norketamine-a norketamine enantiomer-were associated with nonresponse to ketamine in patients with BDep within 230 min. Increased levels of several hydroxylated ketamine metabolites were also associated with lower psychotomimetic side effects. No association was found between several cytochrome P450 genes (responsible for ketamine metabolism) and antidepressant efficacy.
Taken together, the studies described indicate that ketamine likely increases neural connectivity by enhancing synaptic plasticity in several brain regions implicated in depression (e.g., PFC, anterior cingulate cortex, amygdala, and hippocampus). These neuromodulatory effects may improve our existing descriptive and clinically heterogeneous nosology, allow quantification of pretreatment antidepressant probability of efficacy, and provide more reliable measures than those provided by clinical assessments alone. Nevertheless, these promising biomarkers of treatment response require replication/ validation in larger studies to advance to surrogate endpoint status (106) .
KETAMINE IN PRECLINICAL RESEARCH mTOR, p70S6K, 4E-BP1
The numerous clinical studies demonstrating ketamine's rapid antidepressant properties generated preclinical interest in elucidating its mechanism of action in ways presently inaccessible in clinical populations. Ketamine and other NMDA receptor antagonists increase mature synaptic protein expression; promote synaptogenesis; increase the number, morphology, and activity of spine synapses; and reduce depressive-like behaviors in rodent models of depression (Figure 1) (55, 56) . In one of two recent mechanistic landmark studies (56) , ketamine increased expression of several postsynaptic density proteins (Arc, PSD-95, GluR1, and synapsin I) in PFC synaptosomal preparations approximately 1 to 2 h postinjection. Protein levels remained elevated for up to 72 h, consistent with the time course for the induction of new spine synapses. Induction of synaptosomal PSD-95, GluR1, and synapsin I was abrogated by pretreatment with rapamycin, which selectively inhibits mammalian target of rapamycin (mTOR). Ketamine also increased mTOR, p70 S6 kinase (p70S6K), and 4E-binding protein 1 (4E-BP1) phosphorylation within 1 h of infusion; interestingly, all these proteins stimulate the transcription of target genes involved in synaptogenesis. At 24 h postinfusion, ketamine increased the number of mature-appearing "mushroom" spines and increased the frequency and amplitude of excitatory postsynaptic currents induced by serotonin (from cortico-cortical synapses) and hypocretin (from apical thalamo-cortical synapses) in PFC pyramidal neurons. Again, these effects were prevented by rapamycin pretreatment. Low-dose (10-20 mg/kg) but not high-dose (80 mg/kg, which is an anesthetic dose) ketamine rapidly reversed despair-like phenotypes, i.e., impairments on the learned helplessness, forced swimming, and novelty-suppressed feeding tests, all of which were blocked by rapamycin pretreatment. Intracerebroventricular pretreatment with the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) inhibitor U0126 and the phosphoinositide-3 kinase (PI3K)/Akt inhibitor LY294002 also negated ketamine's antidepressant effects. These biochemical, electrophysiological, and behavioral antidepressant-like effects were replicated in a rodent model of chronic 21-day) unpredictable stress. Taken together, the results suggest that mTOR activation via known intracellular second messenger/signal transduction mediators, e.g., MAPK/ERK and PI3K, is necessary for ketamine's rapid antidepressant-like effects in rodents (56) . Although these exciting preclinical results await translation, one case report found that peripheral mTOR phosphorylation correlated with ketamine's antidepressant response in a single patient with treatment-resistant MDD (107) .
Interestingly, the antidepressant effects of ketamine may depend on a rapid (within 30 min of administration) presynaptic glutamate "surge" in critical brain regions such as the PFC and hippocampus. In 13 C-MRS ex vivo studies of rats, subanesthetic (30 mg/kg) but not anesthetic (80 mg/kg) ketamine significantly increased the percentage of 13 C-detectable glutamate, glutamine, and GABA in the medial PFC (108) . As detected by microdialysis, amedial PFC glutamate surge occurs with infusion of subanesthetic (10-30 mg/kg) but not higher-dose (50 and 200 mg/kg) ketamine on a time course consistent with mTOR activation (peaks within 30-60 min and returns to baseline at approximately 2 h) (109). As mentioned above, no difference was observed in occipital cortical Glx at 3 and 24 h after ketamine infusion (20) , which might have missed the window to detect this rapid glutamate surge.
eEF2K/eEF2/BDNF
In a second landmark mechanistic study,Monteggia and colleagues (110) reported that ketamine's rapid antidepressant effects depended on desuppression of BDNF translation in the hippocampus. On the forced swim test, an inducible BDNF knockout mouse was minimally responsive to the antidepressant effects of ketamine (110) . These effects were reduced by the translational inhibitor anisomycin but not by the RNA polymerase/ transcriptional inhibitor actinomycin D. Consistent with prior studies (55, 56) , the antidepressant effects of ketamine could be prevented by pretreatment with NBQX, a 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid (AMPA) receptor antagonist. Ketamine decreased the activity of eukaryotic elongation factor 2 kinase (eEF2K) [or calcium-calmodulin dependent protein kinase III (CaMKIII)], thereby reducing eEF2 phosphorylation and desuppressing BDNF translation (110) . These results were replicated using another NMDA receptor antagonist, MK-801, as well as more specific eEF2K inhibitors; interestingly, BDNF conditional knockout mice were insensitive to eEF2K inhibition (110) . In this study, ketamine-induced mTOR phosphorylation was not increased, and the antidepressant-like effects were not blocked with rapamycin. [Potential explanations for the differences in these two important mechanistic studies are presented in the excellent review by Duman et al. (111) .]
GSK-3
Like lithium, ketamine inhibits GSK-3 by increasing its phosphorylation. Phospho-GSK-3 interacts with a "destruction complex" of other proteins that target it for degradation in lysosomes, thereby allowing the transcription factor β-catenin to translocate from the cytosol to the nucleus and transcribe target genes (112) . Conversely, a recent rodent study found that intracerebroventricular infusion of GSK-3 attenuated ketamine's psychotomimetic-like effects (113) . The GSK-3 inhibitor lithium, as well as more selective GSK-3β inhibitors, potentiated mTOR signaling, synaptogenesis, and antidepressant-like effects of lower-dose ketamine (<10 mg/kg) (114, 115) . Because GSK-3 inhibition reduces both depressive and psychotic symptoms, it is possible that small-molecule inhibitors may ultimately be effective mood stabilizers in cases of BDep and MDD that include psychotic features. Indeed, psychotically depressed patients have been excluded from all ketamine depression trials to date over concerns of worsening psychosis, which has been observed in healthy volunteers (116) and individuals with schizophrenia (16, 117) exposed to subanesthetic doses of ketamine.
OTHER NMDA RECEPTOR ANTAGONISTS
Owing to ketamine's dissociative side effects and its potential for long-term toxicity, researchers have sought more selective NMDA receptor antagonists that replicate ketamine's antidepressant effects but not its psychotomimetic and other adverse effects. Toward this end, the NMDA receptor antagonist memantine, which is approved for the treatment of moderate-to-severe Alzheimer's-type dementia, has been studied in mood disorders. Several preclinical reports in rodent models of depression have noted memantine's antidepressant-like effects (118, 119) . However, the first clinical report in MDD was an 8-week, placebo-controlled trial that demonstrated a lack of efficacy of memantine monotherapy (5-20 mg/day) (120) . Another small, placebo-controlled, 12-week trial in depressed older patients who had recently suffered a disabling medical event confirmed memantine's lack of efficacy with regard to depressive and functional outcomes (121) . In contrast, memantine does show some success in treating BDep. In a randomized, placebo-controlled, 8-week trial of individuals with BDep inadequately treated with stabledose lamotrigine, escalating-dose memantine was superior to placebo after 4 weeks but not at trial endpoint (122) . In another study, an increased rate of response was seen with adjunctive memantine, although no statistically significant difference versus placebo was observed after 8 weeks (123) . Subsequently, a case report explored the antidepressant efficacy of repeat-dose ketamine followed by memantine; although this patient was eventually on seven psychotropic medications, she remained in remission for at least 13 weeks (124) . Echoing the previous link between NMDA receptor antagonists and ketamine response, another randomized, non-placebo-controlled trial of memantine (20 mg/day) versus escitalopram (20 mg/day) in patients with MDD comorbid with alcohol dependence found that memantine had antidepressant and anxiolytic effects, improved psychosocial functioning, and decreased alcohol consumption (125, 126) .
Other NR2B-specific inhibitors have demonstrated preclinical efficacy in depression. Maeng and colleagues (127) found that the NR2B-selective NMDA receptor antagonist Ro(25)-6981 had antidepressant-like effects similar to those of MK-801, a nonselective NMDA receptor antagonist. These effects were eliminated by pretreatment with NBQX, implicating AMPA receptor activation as a primary mediator of NMDA receptor antagonists' antidepressant effects (127) . In the study by Li and colleagues (55) , Ro(25)-6981 increased the expression of postsynaptic and second messenger/signal transduction cascade intermediaries (including mTOR) on a similar time course to that identified above. It also had antidepressant-like effects in the same behavioral models of depression, and these effects were reversed by rapamycin pretreatment (55) . Ro(25)-6981 had analogous biochemical and behavioral effects in rodents exposed to chronic unpredictable stress (56) . Notably, several preclinical studies have been conducted with compounds that increase glutamatergic signaling in depression-e.g., metabotropic glutamate receptor (mGluR) 2/3 antagonists (128) and AMPA receptor agonists (also known as AMPA potentiators or AMPAkines) (129, 130) -even though their effects are not instigated by glutamate receptor antagonism.
Other NMDA receptor antagonists have demonstrated initial clinical efficacy in MDD. A single intravenous infusion of the NR2B-selective NMDA receptor antagonist CP-101,606 had rapid antidepressant effects (131) . Unfortunately, further development of this compound was stopped because of cardiovascular adverse effects (QTc prolongation). The oral NR2B-selective antagonist MK-0657, when administered daily to patients with treatment-resistant MDD, had antidepressant effects as assessed by the clinician-administered Hamilton Depression Rating Scale and the self-reported Beck Depression Inventory but not the Montgomery-Åsberg Depression Rating Scale; no serious or dissociative adverse effects were noted (132) . Next, a single infusion of the low-trapping, nonselective NMDA receptor antagonist AZD6765 had rapid antidepressant effects in treatment-resistant depression (133) . Although these antidepressant effects occurred on a time scale similar to those of ketamine, no psychotomimetic effects were observed with the novel compound, likely because of AZD6765's rapid association/dissociation at the NMDA receptor (memantine is likewise believed not to cause psychotomimetic side effects owing to similar low-trapping potential). The results of a multi-infusion AZD6765 trial in treatment-resistant MDD were presented at the 2012 American College of Neuropsychopharmacology annual meeting and, although discussed elsewhere (10) , await publication at the time of writing.
CONCLUSIONS AND FUTURE DIRECTIONS
In this review, we have provided a broad overview of NMDA receptor antagonists as experimental therapies for depressive disorders. One author recently observed that the discovery of NMDA receptor antagonists as rapid and robust antidepressants has revolutionized the field of mood disorders research, noting that this discovery is "arguably the most important discovery [in depression research] in half a century [since the discovery of monoamine antidepressants]" (9, p. 73) . Whereas history will no doubt confirm or deny this promising claim, several fundamental avenues of pursuit are critical needs in the field (Table 3) . First, we need safe, tolerable, effective strategies to maintain the robust antidepressant efficacy of NMDA receptor antagonists such as ketamine. To date, the most effective strategy has been repeated ketamine infusions, but no effective prolongation strategies with demonstrable efficacy in randomized, psychoactive placebo-controlled, i.e., well-blinded, studies exist. Moreover, if these multiple-dosing approaches ultimately prove to be the most effective maintenance strategy, we need to be especially cautious of addiction and long-term toxicity. Second, we need to develop psychotomimetic-free and/or oral NMDA receptor modulators that can eventually be used in routine clinical practice. Third, although significant advances in identifying predictor and moderator/mediator biomarkers of ketamine's antidepressant response have been made, many of these discoveries have resulted from pilot/exploratory projects conducted with the express purpose of facilitating drug development. Clearly, more work must be conducted to make this class of agents available to more individuals suffering from MDD and BDep. In conclusion, the initial ketamine trials have spurred worldwide interest from the pharmaceutical industry, academia, and government in developing the next generation of antidepressant medications. Results from several additional randomized, well-controlled trials with ketamine and other NMDA receptor antagonists are forthcoming in the next several years, thereby moving this exciting and burgeoning field closer to clinical practice. Synaptic and intracellular processes activated by the rapid-acting antidepressant ketamine. Preliminary preclinical and unpublished clinical data suggest that postsynaptic NMDA receptor antagonism increases presynaptic glutamate release (i.e., glutamate "surge"). Glutamate is then hypothesized to increase AMPA/NMDA receptor flux. AMPA channel opening in the CNS increases sodium and, indirectly, calcium, stimulating the PI3K cascade to phosphorylate mTOR through Akt. Activated mTOR then phosphorylates p70S6K, increasing translation of downstream postsynaptic targets (notably, mTOR activity can be inhibited by rapamycin through the formation of an inhibitory complex with FKBP12). Activated mTOR also inhibits 4E-BP to relieve inhibition upon translation. NMDA receptor activation also inhibits eEF2K, which increases levels of dephosphorylated eEF2. Dephosphorylated eEF2 relieves inhibition upon BDNF translation in dendritic spines and promotes local secretion, which, in turn, binds to cognate TrkB receptors to activate intracellular mTOR and its downstream targets. In sum, the translational activation induced by acute NMDA receptor blockade increases the expression of several neuromodulatory proteins involved in, among other effects, postsynaptic scaffolding, neurotransmitter dynamics, and dendritic spine morphogenesis from synaptically unstable filopodia to Table 1 Published randomized, controlled trials of ketamine for major depression Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 January 01. 
